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We propose a novel type of bi-anisotropic hybrid metal-dielectric structure comprising dielectric
and metallic cylindrical wedges wherein the composite meta-cylinder enables advanced control of
electric, magnetic and magnetoelectric resonances. We establish a theoretical framework in which
the electromagnetic response of this meta-atom is described through the electric and magnetic
multipole moments (based on multiple expansion theory) that are excited by arbitrary incident
plane waves. The complete dynamic polarizability tensor, expressed in a compact form, is derived
as a function of the Mie scattering coefficients. Further, the constitutive parameters -determined
analytically- illustrate the tunability of the structure’s frequency and strength of resonances in
light of its high degree of geometric freedom. In addition, we show that the highly versatile bi-
anisotropic meta-atom is amenable to being designed for the desired electromagnetic response, such
as electric dipole-free and zero/near-zero (backward and forward) scattering. The results reported
herein contribute toward improving the physical understanding of wave interaction with artificial
materials composed of asymmetric elongated metal-dielectric inclusions and open the potential of
its application in antenna (Huygens scatterer) and metamaterial designs.
I. INTRODUCTION
Modeling of two-dimensional structures illuminated by
electromagnetic waves has been of leading research inter-
est for a long time. The problem of deriving the po-
larization of elongated structures has been of central in-
terest in the study of antenna theory over the last cen-
tury [1]. Due to their simplicity and practicality, long
metallic and dielectric cylinders and wire media struc-
tures have received much attention among all the various
canonical 2D structures. These include structures realiz-
ing artificial plasmas [2], hyperbolic media [3–6], creating
exotic material properties [7–12], including those for an-
tenna applications [13, 14], tailoring the phase of reflec-
tion waves in metasurface applications [15–22], , imaging
and endoscopy [23–25], manipulating Casimir forces [26],
enhancing the coupling to quantum sources [27–29] and
enabling single-molecule biosensors [30].
The first fundamental step to describing the EM re-
sponse of a metamaterial is to model the response of an
individual particle. In this method each inclusion serves
as a polarizable particle which is modeled with a pair
of electromagnetic polarizable dipoles, which in turn be-
comes a new source of electromagnetic fields that lead to
corresponding local fields. Ultimately, these effects form
the macroscopic constitutive parameters. Unusual prop-
erties of this material are observed near resonance and its
dependence on the geometry and EM properties of the
individual inclusions are self-evident [31].
A number of recent studies retrieve the EM response
for elongated cylinders under specific conditions of inci-
dence, such as normal incidence [31]. For example, static
expressions for the transverse polarizability components
of circular cylinders are well established, and recently
have been extended to the dynamic case based on far-
field scattering considerations [32]. However, because of
symmetry restrictions of the infinitely long cylinder, this
particle does not have any magnetoelectric coupling re-
sponse. In general, no magnetoelectric coupling may ex-
ist in the microscopic polarizability of a scatterer having
both temporal and inversion symmetry [33, 34]. Con-
sidering the inability of these symmetric meta-atoms,
even with flexibility in design, to yield the desired EM
response, exploring an asymmetric meta-atom with dif-
ferent geometrical parameters is of high research impor-
tance.
Metal-dielectric ’meta-cylinder’ as an asymmetric
meta-atom with a tunable wedge angle presents high de-
grees of design freedom. However, the scattering problem
of a finite metal circular wedge has not been extensively
studied in the literature [35]. Accordingly, we proceed to
first extend the theory to the case of a metal-dielectric
meta-cylinder with large degrees of freedom, and there-
after we derive the full dynamic polarizability tensor for
this meta-atom.
It is shown in the current paper that a metal-dielectric
meta-cylinder could be an adjustable 2D meta-atom with
a unique advantage that the frequency and strength of
electric, magnetic and magneto-electric resonance can be
tuned. Accordingly, it has significant potential for the
engineering and design of desired and exotic electromag-
netic responses. Explicit analytical description to char-
acterize their dynamic polarizability tensor is presented.
More precisely, despite the increasing geometrical com-
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2plexity of the meta-atom, we show that it is possible
to describe analytically the scattering due to a metal-
dielectric meta-cylinder illuminated by a plane wave; that
is, the Mie scattering coefficients in terms of a unique set
of dipole moments. In fact, based on multiple expansion
theory there is a significant link between the multipole
moments and its well-known Mie scattering coefficients
that encompasses all the information of the scatterer [36].
Based on the standing wave method [37, 38], the full dy-
namic polarizability tensor is extracted and the magne-
toelectric coupling response to a normally incident plane
wave is surprisingly observed. Lastly, through a practi-
cal example, we demonstrate the enormous potential of
the proposed meta-atom and in particular the ability to
achieve a transparent meta-atom.
The article herein is organized as follows. First, we the-
oretically discuss the problem of scattering from a metal-
dielectric meta-cylinder (section II). Then, the multipole
moments and polarizability tensor of the meta-atom are
derived using the multipole expansion method and stand-
ing wave approach (section III). Thereafter, we show that
by changing the geometry and constitutive parameters
of the meta-atoms it is possible to design a manifold of
metamaterials (section IV). Finally, we present a special
case wherein the particle functions as an electric dipole-
free particle and thus possess zero electromagnetic scat-
tering (section V).
II. SCATTERING ANALYSIS OF A
METAL-DIELECTRIC META-CYLINDER
The configuration of the structure and illumination is
shown in Fig. 1. The presented meta-atom consists of
two finite wedges which together form a complete cylin-
der. The material properties for these wedges are differ-
ent, one is a metal and the other is a dielectric where εc
and µc are its permittivity and permeability, respectively.
r0 is the radii of the structure and β is the metal wedge
angle. In order to solve the problem in the most general
manner, we consider the incident wave to impinge upon
the structure at different angles. This is achieved by fix-
ing the incident wave while rotating the structure to the
desired angle (α) (see Fig. 1). It is noteworthy that in
this study we assume the time dependence to be e−jωt.
Considering that the structure is of infinite extent
along the longitudinal axis it is clear that ∂∂z = 0 for
all the parameters. Given that the problem of EM
scattering from a finite PEC wedge has been solved
previously for TE and TM polarizations [35], here we
extend the structure by filling-in the remaining part
of the cylinder with a dielectric and thus enabling the
analysis to simply avail the same scattering wave forms.
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∞∑
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FIG. 1: Schematic of the meta-atom orientation and
incident wave a) 2D view, b) 3D view.
HTEz,sc = (2)
∞∑
n=0
(
aTEn cos(n(ϕ+ α)) + b
TE
n sin(n(ϕ+ α))
)
H(1)n (k0r)
where k0 = ω
√
0µ0 denotes the wavenumber. Assum-
ing that the radius of the meta-atom is smaller than
the wavelength, the higher order modes can be neglected
leaving the dominant first order terms. Hence, replac-
ing the Hankle functions with its far-field approximation
simplifies the scattering wave expression as shown below.
ETM,farz =√
2
pik0r
{
aTM0 +
(
aTM1 cos(α) + b
TM
1 sin(α)
)
cos(ϕ)+(
bTM1 cos(α)− aTM1 sin(α)
)
sin(ϕ)
}
exp
(
j(k0r − pi/4)
)
(3)
HTE,farz =√
2
pik0r
{
aTE0 +
(
aTE1 cos(α) + b
TE
1 sin(α)
)
cos(ϕ)+(
bTE1 cos(α)− aTE1 sin(α)
)
sin(ϕ)
}
exp
(
j(k0r − pi/4)
)
(4)
The preceding equations are derived using the EM
boundary conditions, where the an and bn are the Mie
scattering coefficients. These are derived using the EM
boundary conditions (a detailed procedure for obtaining
Mie scattering coefficient is outlined in the Appendix).
Further, these can be written in the following way where
’e’ and ’o’ superscripts allude to the even and odd modes
in the Mie scattering coefficient.[
aTM/TEn
]
n×1
= (5)[
τn
]
1×n
[
χnm
(e),TM/TE
]−1
n×m
[
Υ(e),TM/TEm
]
m×1
3z y
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FIG. 2: a) Schematic showing an metal-dielectric meta-cylinder (r = 18) with wedge angle of pi which is excited by
TM-polarized waves propagating on the -x direction. Far-field scattering pattern from a mentioned meta-atom with
different radius b) 600 nm, c) 800 nm, and d) 1µm using Mie scattering, full wave simulation and excited multipole
moments.
[
bTM/TEn
]
n×1
= (6)[
τn
]
1×n
[
χ(o),TM/TEnm
]−1
n×m
[
Υ(o),TM/TEm
]
m×1
where the χ
(e),TM
nm ,τn, and Υ
(e),TM
m are given by:
τn =
1
dHn(k0R0)
dkr
(7)
χ(e)nm =
Hn(k0r0)
dHn(k0r)
dk0r
piεnδnm −
∞∑
i=0
Zc(pi − β/2)
Z0
Jνi(kcr0)
dJνi(kcr0)
dkcr
×
(
sinc(
(pi − β/2)(νi− n)
pi
) + sinc(
(pi − β/2)(νi+ n)
pi
)
)
×
(
sinc(
(pi − β/2)(νi−m)
pi
) + sinc(
(pi − β/2)(νi+m)
pi
)
)
,
(8)
Υ(e)m = −aincm Jm(k0r0)piεm +
∞∑
i=0
Zc(pi − β/2)
Z0
Jνi(kcr0)
dJνi(kcr0)
dkcr
×
(
sinc(
(pi − β/2)(νi−m)
pi
) + sinc(
(pi − β/2)(νi+m)
pi
)
)
×
∞∑
n=0
aincn
dJn(k0r)
dk0r
(
sinc(
(pi − β/2)(νi− n)
pi
)+
sinc(
(pi − β/2)(νi+ n)
pi
)
)
,
(9)
The relations for χ
(o),TM
nm and Υ
(o),TM
m can be writ-
ten similar to χ
(e),TM
nm and Υ
(e),TM
m using the follow-
ing substitutions: νi → τi, εn → 1, aincm → bincm ,
sinc(θ1) + sinc(θ2) → sinc(θ1) − sinc(θ2), and (i = n =
0) → (i = n = 1) (indexes of the summation). Also
the dual relations for χ
(o),TE
nm and Υ
(o),TE
m can be written
with the following substitutions in χ
(o),TM
nm and Υ
(o),TM
m :
νi → τi, τi → νi, Jn(χ), Hn(χ) 
 dJn(χ)dχ , dHn(χ)dχ and
Zc(pi−β/2)
Z0
→ Zc(pi−β/2)εiZ0 , where Z0 and Zc are wave
impedance of background medium and dielectric cylin-
der, respectively. Also, τi, νi , εn , and δnm are defined in
Appendix. For the thin metal-dielectric meta-cylinder
which are of interest here, scattering is dominated by
the n = 0 and 1 in TM and TE harmonics, that obvi-
ously depending on the incident polarization, the geomet-
ric (α and β angles and r0) and constitutive parameters
(εc = εrε0 and µc = µrµ0 of dielectric wedge).
III. DYNAMIC POLARIZABILITY TENSOR
EXTRACTION
Modelling of the electromagnetic fields using multipole
moments has several advantages. The electromagnetic
fields are linearly dependent on the moments and as a
result do not involve complicated integrals [31]. The re-
sulting multiple moments are vital elements in the de-
scription of homogeneous effective medium theories such
as Maxwell-Garnet and other nonlocal methods [25, 39].
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FIG. 3: Polarizability tensor extraction setup based on standing wave method introduced in [37, 38]. In each setup,
we can calculate the a) αeezz, α
me
yz , α
em
zy , α
mm
yy , α
mm
xy , b) α
ee
yy, α
ee
xy, α
me
zy , α
em
yz , α
em
xz , α
mm
zz , c) α
ee
xx, α
ee
yx, α
me
zx , and d)
αmexz , α
em
zx , α
mm
xx , α
mm
yx individual polarizability components.
In the following sections, we first derive the analytical
expression for the induced electric and magnetic dipoles
based on the multiple moments theory. Next, we ex-
tract the polarizability tensors using the standing wave
approach which describe the EM interaction of the pro-
posed structure.
A. Extraction of multipole moments
The radiated fields due to a set of electric and magnetic
dipoles can be approximately expressed as presented by
[40]
~E ' Z0
{
[k20~pc0G+ (~pc0.∇)∇G] + jk0[∇G× ~m]
}
, (10)
~H ' −jk0[∇G× ~pc0] + [k20 ~mG+ (~m.∇)∇G], (11)
where k0, c0 are the wave vector and the speed of light, re-
spectively. ∇ = rˆ ∂∂r (rˆ is a cylindrical unit vector along
the radial direction). Here, we are going to derive the
induced electric and magnetic dipole moments in a 2D
structure. Consequently, we can use the 2D cylindri-
cal Green function G = j4H
(1)
0 (k0r) as an alternative.
As a result, we utilize the analytical expression for the
electromagnetic radiation of electric and magnetic dipole
moments wherein the radiated fields are expressed as TE
and TM modes [31] using far field approximation.
~EfarTM = zˆ
jZ0k
2
0
4
√
2
pik0r
(pzc0 − 2mϕ) exp
(
j(k0r−pi/4)
)
,
(12)
~H farTM = −
jk20
4
ϕˆ (pzc0 − 2mϕ) exp
(
j(k0r − pi/4)
)
, (13)
~EfarTE = ϕˆ
jZ0k
2
0
4
√
2
pik0r
(pϕc0 +mz) exp
(
j(k0r − pi/4)
)
,
(14)
~H farTE =
jk20
4
zˆ (pϕc0 +mz) exp
(
j(k0r − pi/4)
)
, (15)
It is noteworthy, that pφ and mφ describe pro-
jections of the moments along the azimuthal direction
(pφ = pycosφ − pxsinφ, mφ = mycosφ − mxsinφ) and
should not be confused with the azimuthal components
since the dipoles P and M are located at the origin of
the axes. Observing the above equations, it is clear that
the radiating fields correspond to typical cylindrical TEM
waves, satisfying ~H = nˆ× E/Z0.
The dipole moments excited in the metal-dielectric
meta-cylinder can now be derived using the approach
presented in [31]. First, we analytically extract the far-
field scattering TE and TM fields for the metal-dielectric
meta-cylinder (see section II), and then we derive the
5FIG. 4: Normalized transverse magnetic and
longitudinal electric polarizability which exited by TM
polarized incident wave for dielectric cylinder (r = 18).
The static magnetic and electric polarizability is
illustrated to verify the validity of method [31, 32].
far-field radiation due to the set of electric and magnetic
dipoles (Eqs. 12 to 15). Thereafter, we extract the in-
duced dipole moments by comparing the Eqs. 3 and 4
and Eqs. 12 to 15.
The relation between the Mie coefficients and the in-
duced dipole moments is derived:
P =− xˆ
4
(
bTE1 cos(α)− aTE1 sin(α)
)
jk20c0
+ yˆ
4
(
aTE1 cos(α) + b
TE
1 sin(α)
)
jk20c0
+ zˆ
4aTM0
jk20Z0c0
(16)
M =xˆ
2
(
bTM1 cos(α)− aTM1 sin(α)
)
jk20Z0
− yˆ
2
(
aTM1 cos(α) + b
TM
1 sin(α)
)
jk20Z0
+ zˆ
4aTE0
jk20
(17)
Upon observation of the equations, it is clear that the
extracted dipole moments can be easily tuned by varying
the angular rotation α and the scattering Mie-coefficients
by changing the wedge angle β. In order to verify the va-
lidity of our approach, the far-field scattering pattern of a
metal-dielectric meta-cylinder (r = 18) with wedge an-
gle of pi was derived using the full-wave simulation (CST
Microwave Studio), the radiation of the induced dipole
moments, and also the closed-form Mie scattering of the
metal-dielectric meta-cylinder (section II). The incident
wave is assumed to be a TM plane wave with the op-
erating wave length of λ0 = 6µm. Figure. 2 presents
the mentioned results for three metal-dielectric cylinders
with different radiis 600 nm, 800 nm, and 1µm, respec-
tively. It is clear from Fig. 2 that the radiation of the de-
rived polarization is in good agreement with the full wave
simulation. It is noteworthy that the small difference be-
tween the scattering patterns is due to the truncation of
the scattering series and the dipole approximation.
B. Extraction of polarizability tensor
Due to the asymmetry of the proposed meta-atom, in
contrast to the symmetric cases of the sphere and the
cylinder meta-atoms, extraction of the polarizability ten-
sor is complicated. There are several methods to extract
the polarizability tensor for a desired bianisotropic meta-
atom [37, 38, 41–44]. In this paper, we use the standing
wave approach to derive the polarizability tensor as pre-
sented in recent studies [37, 38]. We can simply write
a standing wave as a superposition of two plane waves
traveling in opposite directions (see Fig.3). Using the
extracted EM multiple moments from the previous sec-
tion, the polarizability tensors excited by the standing
wave can be derived using the superposition theorem.
As it is clear from Fig. 3 the magnetic fields are out of
phase in the center of coordinates, therefore by adding or
subtracting the two plane waves we can derive the pure
electric and magnetic components of the polarizability
tensors, respectively. As an example 12 polarizability
tensor components can be derived using Ex = E0e
±jky
and Hz = ±H0e±jky plane waves.
αeeqx =
P
3pi/2
q + P
pi/2
q
2E0
, αmeqx =
m
3pi/2
q +m
pi/2
q
2E0
(18)
αemqz =
P
3pi/2
q − Ppi/2q
2E0
η, αmmqz =
m
3pi/2
q −mpi/2q
2E0
η (19)
where q = {x, y, z}, and moments superscripts (i.e., pi/2
and 3pi/2) indicate the wave vector angle with respect to
the direction x. All the other components can be derived
by simply using different configurations for the standing
wave (see Fig. 3) similar to [37, 38]. After complete con-
sideration of all the derived polarizability tensor compo-
nents, the complete polarizability tensor can be presented
as follows:
6P
M
 =

αeexx α
ee
xy 0 0 0 α
em
xz
αeeyx α
ee
yy 0 0 0 α
em
yz
0 0 αeezz α
em
zx α
em
zy 0
0 0 αmexz α
mm
xx α
mm
xy 0
0 0 αmeyz α
mm
yx α
mm
yy 0
αmezx α
me
zy 0 0 0 α
mm
zz

Eloc
Hloc
 (20)
In order to present a compact expression for the ex-
tracted polarizability tensor components, we define the
following arbitrary parameters which depend on the Mie
coefficients:
ψR,±N,M = N
R,2pi
M ± NR,piM (21)
†ψR,±N,M = N
R,3pi/2
M ± NR,pi/2M (22)
where R=TM or TE, N= a or b and M=0 or 1. We
normalized all the presented polarizabilities to provide
fair comparison: αee, αem,αme and αmm are normalized
respectively to 0, (0Z0)
−1, Z0 and 1. Using the above
expressions, the non-zero polarizability components are
obtained as follows:
Polarizability tensor components
αeezz =
2ΨTM,+a,0
jk20
αmeyz = −
ΨTM,+a,1 cos(α)+Ψ
TM,+
b,1 sin(α)
jk20
αemzy =
2ΨTM,−a,0
jk20
αmmyy = − (
ΨTM,−a,1 cos(α)+Ψ
TM,−
b,1 sin(α))
jk20
αmmxy =
(ΨTM,−b,1 cos(α)−ΨTM,−a,1 sin(α))
jk20
αeeyy =
2(ΨTE,+a,1 cos(α)+Ψ
TE,−
b,1 sin(α))
jk20
αeexy = −
2(ΨTE,+b,1 cos(α)−ΨTE,+a,1 sin(α))
jk20
αmezy =
2ΨTE,+a,0
jk20
αemyz =
2(ΨTE,−a,1 cos(α)+Ψ
TE,−
b,1 sin(α))
jk20
αemxz = −
2(ΨTE,−b,1 cos(α)−ΨTE,−a,1 sin(α))
jk20
αmmzz =
2ΨTE,−a,0
jk20
αeexx = −
2(†ΨTE,+b,1 cos(α)−†ΨTE,+a,1 sin(α))
jk20
αeeyx =
2(†ΨTE,+a,1 cos(α)+
†ΨTE,+b,1 sin(α))
jk20
αmezx =
2†ΨTE,+a,0
jk20
αmexz =
(†ΨTM,+b,1 cos(α)−†ΨTM,+a,1 sin(α))
jk20
αemzx =
2†ΨTM,−a,0
jk20
αmmxx =
†ΨTM,−b,1 cos(α)−†ΨTM,−a,1 sin(α)
jk20
αmmyx = − (
†ΨTM,−a,1 cos(α)+
†ΨTM,−b,1 sin(α))
jk20
It is self-evident from the above relations that the in-
duced polarizability tensor components depend on the
Mie coefficients (wedge angle and dielectric constitutive
parameters) and the meta-atom orientation, which make
this meta-atom an excellent candidate for engineering
and tuning of its EM response. The present analysis has
allowed us to define a fully dynamic expression for the
entire polarizability tensor of the metal-dielectric meta-
7a) b)
c) d)
FIG. 5: The real (solid lines) and imaginary parts (dashed lines) of a) electric, b) and c) magnetoelectric, and d)
magnetic normalized dipole polarizability of the asymmetric metal-dielectric meta-cylinder (εr = 18) which exited
by TM polarized incident wave for variant values of β with respect to radius.
cylinder in closed-form. In the following section, we dis-
cuss the properties of this tensor and present some prac-
tical examples.
IV. PROPERTIES OF THE POLARIZABILITY
TENSOR
The polarizability tensor extracted in the previous sec-
tion provides a fully dynamic, compact description of the
EM response of a metal-dielectric meta-cylinder excited
by an arbitrary electromagnetic wave. As noted, the va-
lidity of the tensor is limited to the case where the meta-
atom is smaller than the wavelength. Also, its scattering
response can be approximated by using only the electric
and magnetic dipole terms. Although our derivation con-
sidered an infinitely long metal-dielectric meta-cylinder,
the Mie scattering results are well-known to character-
ize a finite meta-atom with a length to diameter ratio of
greater than 5 [31].
We verify our results by simply comparing the po-
larizability components for the special case of an in-
finitely long dielectric cylinder (β = 0) in both static
[31] and dynamic regimes [32]. Fig. 4 shows that the
normalized transverse magnetic (αmmxx,yy/(pir0
2)) and lon-
gitudinal electric polarizabilities (αeezz/(pir0
2)) are in good
agreement with results of [31, 32].
The overarching objective of developing a tunable
meta-atom is to enable the design of any desired EM
response, that is, to engineer a meta-atom for any given
polarizability tensor. To-date, there are only a hand-
ful of meta-atoms represented by a closed-form EM re-
sponse [32, 45]. Further, it is noteworthy that the EM
response of these meta-atoms is limited owing to the sim-
plicity and symmetry of their structures. However, the
metal-dielectric meta-cylinder presented here is a novel
meta-atom capable of realizing complex EM responses
through the tunability of its polarizability tensor. The
geometry of the presented meta-atom clearly shows that
we have several degrees of freedom. We can simply tune
the EM response and polarizability tensor by changing
the constitutive and geometric parameters such as di-
electric properties, wedge angle, and angle of rotation.
These parameters affect the resonant frequency and the
strength of the induced magnetic, electric and magneto-
electric responses. Since the tunability of the dielectric
permittivity is limited to existing materials, the wedge
angle plays an important role in the design of the meta-
atom. Figs. 5 and 6 illustrate the effect of wedge angle
on the strength and position of the resonance with re-
spect to the meta-cylinder radius. Here, we choose to
illustrate a set of selected polarizability components for
conciseness. Examining Figs. 5 and 6, we see that the
resonant frequency of the polarizability components ex-
8a) b)
c) d)
FIG. 6: The real (solid lines) and imaginary parts (dashed lines) of a) electric, b) and c) magnetoelectric, and d:
magnetic normalized dipole polarizability of the asymmetric metal-dielectric meta-cylinder (εr = 18) which is exited
by TE polarized incident wave for variant values of β with respect to radius.
cited by the TM wave can be tuned by adjusting the β
angle. However, adjusting the wedge angle only affects
the strength of the resonance in the TE excitation. This
result is due to the use of a non-magnetic dielectric in
the meta-atom. Nevertheless, it is possible to simultane-
ously adjust both the strength and position of resonance
with wedge angle when using a magnetic dielectric in the
meta-atom.
The presence of magnetoelectric effects in such a sim-
ple structure might be surprising at first sight. In fact,
the geometrical asymmetry and inhomogeneity of this
meta-atom breaks the symmetry in EM response and al-
lows for the magnetoelectric effects to arise. One can
also deduce this result from the standing wave approach.
The EM response of an asymmetric structure is dissimilar
for incident waves with opposite propagation directions,
that is, the superposition of induced magnetic dipoles
(see Eqs. 18 and 19) give rise to magnetoelectric polar-
izability components. In the following sections, we show
the flexibility of the proposed meta-atom through two
practical examples.
V. ILLUSTRATIVE EXAMPLES
Here, we demonstrate the ability of the proposed bian-
isotropic meta-atom in achieving exotic EM responses.
𝒌
𝐸
MAX
MIN
FIG. 7: Magnitude of electric polarization Pz and
transverse magnetic polarization Mt with respect to
radius and 3D scattering pattern for optimized electric
dipole-free meta-atom.
In the following examples the meta-atom is tuned to be
electromagnetically transparent. There are several ways
to attain transparency, for instance, one can achieve a
transparent meta-atom by vanishing the induced electri-
cal polarizability [46, 52] or the forward and backward
scattering [47–50]. Such meta-atoms could be used in
various applications demanding minimal total scattering
9a) b)
FIG. 8: a) Total extinction cross section (σext) and forward scattering (σϕ(0)) with respect to radius and polar
scattering pattern of the optimized meta-atom for near-zero forward scattering and b) backward scattering.
such as miniature sensors and ultra-fast nano-lasers [53].
A. Zero electric polarization
First, we look for a condition where the electric polar-
ization P in the meta-atom can be made negligible (elec-
tric dipole-free meta-atom). We assume that the meta-
atom is illuminated by a TM-polarized plane wave propa-
gating in the x direction. According to Eq. 16 the electric
polarization Pz directly depends on the first harmonic of
Mie scattering (a0) of the metal-dielectric meta-cylinder.
Targeting a0 = 0 as a goal of the optimization, we obtain
the conditions under which the induced electric dipole
is nearly zero (εr = 11.16, r = 0.09λ, α = 62.96
◦, β =
125.27◦). Fig. 7 shows the magnitude of electric po-
larization Pz and transverse magnetic polarization Mt.
Under this condition electric quadrupoles and magnetic
dipoles entirely determine the wave-matter interaction
which is illustrated through the 3D scattering pattern of
the optimized meta-atom. It is worth noting that it is not
possible to achieve a precisely zero value for the electric
dipole in a passive structure. However, a recent study
shows that this condition can be achieved when using a
meta-atom structure which on the whole is lossless, that
is, a structure comprising a loss-compensated dimer [52].
B. Near zero forward and backward scattering
Another way of achieving a transparent meta-atom
is to determine the condition under which forward and
backward scattering of the meta-atom vanishes. Based
on the optical theorem [51] the total extinction cross sec-
tion of an object σext (sum of absorption and total scat-
tering cross sections) is related to the normalized scat-
tering amplitude in the forward direction σϕ(0) in the
following way
σext =
λ20
pi
Im[σϕ(0)] (23)
where λ0 is the operating wavelength. Optical theorem
applies to the EM response of any object illuminated by a
linearly polarized plane wave. Eq. 23 implies that a near-
zero forward scattering amplitude results in zero total
scattering, which means that a meta-atom with near zero
forward scattering will be transparent. Recent studies
have demonstrated that in order for forward scattering to
be zero, part of the meta-atom must be active. Therefore,
in the passive case it is not possible to achieve exactly
zero forward scattering [51, 52].
Assuming that the meta-atom does not consist of ab-
sorptive material, the extinction cross section and scat-
tering cross section would be equal. Hence, the total
cross section can be calculated using the scattering fields
10
in the following way.
σT =
1
2pi
2pi∫
0
σ(ϕ)dϕ (24)
σT
4r0
=
1
2k0r0
{ ∞∑
n=0
|ascan |2εn +
∞∑
n=1
|bscan |2
}
(25)
Now that we have the analytical expression for EM
scattering from the proposed meta-atom, we can easily
find the condition under which the forward and backward
scattering are zero. Fig. 8 presents the zero forward and
backward scattering pattern under these specific condi-
tions.
Here, the specific properties of the structure which
possess zero forward and backward scattering are pre-
sented. The electrical permittivity of the dielectric, ra-
dius of the cylinder, rotation angle, and wedge angle of a
meta-atom with near-zero forward scattering are as fol-
lows: (εr = 17.5, r = 0.0507λ, α = 90.01
◦, β = 0.02◦) .
Fig. 8 a illustrates the 2D scattering of the meta-atom
with the aforementioned properties and the total scat-
tering with respect to wavelength. A similar condition
for near-zero back scattering is found (εr = 14.807, r =
0.0721λ, α = 279.87◦, β = 51.36◦) and the corresponding
scattering pattern is shown in Fig. 8 b. Figs 8 a and
8 b show that the forward scattering and the total cross
section are highly correlated and that the minimum total
scattering and the forward scattering occur at the same
wavelength. Consequently, near-zero forward scattering
results in a transparent meta-atom.
VI. CONCLUSION
An ideal meta-atom is one which contains all pos-
sible bianisotropic electromagnetic responses wherein
the structure of the meta-atom permits independent
tunability of all the elements comprising the constitutive
parameters. Nevertheless, there will be some physical
constraints to the design of any meta-atom. In this
paper, we propose a novel metal-dielectric meta-cylinder
as a tunable meta-atom which consists of metallic and
dielectric finite wedges. Numerous design parameters
provide a good degree of freedom which enable the
proposed meta-atom to be an excellent candidate for
engineering the EM response. We first derive the
analytical expression for the EM scattering due to the
structure. Next, we extract the polarizability tensor
and explaining the response of such a meta-atom in the
dipole region. Finally, we show the flexibility of the
proposed inclusion through practical examples that give
rise to exotic EM responses. The examples verify the
validity of the analytical formulation and illustrate the
capability of the proposed meta-atom to independently
tune the electromagnetic polarizability components.
Appendix A: Boundary Conditions
In this Appendix, we detail the analytical steps for
deriving EM scattering from an asymmetric metal-
dielectric meta-cylinder of infinite extent along its axis.
In the dielectric region, we construct an expansion for
the total electric field Ed = Edz zˆ the TM case, which
follows from the solution of Maxwell’s equations in cylin-
drical coordinates
Edz (r, φ) =
∞∑
i=0
(
ζIνiJνi(kcr) cos(νi(ϕ+ α)
)
+ (A1)
∞∑
i=1
(
ζIIτiJτi(kcr) sin(τi(ϕ+ α))
)
where kc = ω
√
cµc denotes the wavenumber. The ζ
I and
the ζII are the (unknown) coefficients. Also, the incident
plane wave has a following form
Eincz (r, φ) =
∞∑
n=0
(
U InJn(k0r) cos(n(ϕ+ α))
)
+ (A2)
∞∑
i=1
(
U IIn Jτi(k0r) sin(n(ϕ+ α))
)
where
U In =
2E0j
n
n
cos(n(γ + α)) (A3)
U IIn = 2E0j
n sin(n(γ + α)) (A4)
and also Escz is presented in the equation (1). On the
metal part of dielectric-metal meta-cylinder (r = r0) the
tangential part of the total electric field must vanish,
and at the dielectric-air interface (r = r0), the tangential
parts of the total electric and total magnetic field have
to be continuous.
Escz |r=r0 + Eincz |r=r0 =
{
Edz |r=r0 S1 < φ < S2
0 Otherwise
(A5)
Hscφ |r=r0 +Hincφ |r=r0 = Hdφ|r=r0 S1 < φ < S2 (A6)
where S1 and S2 are −pi + (β/2 + α) and pi − (β/2 + α).
Using the orthogonality relations of the trigonometric
functions, we can compute the unknown scattering co-
efficient (an and bn) in equations (1) and (2) which are
presented in equations (5) and (6).
Also, τi ,νi, εn , and δnm are defined in the following
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way
τi =
ipi
pi − β i = 1, 2, 3, ... (A7)
νi =
pi(2i+ 1)
2(pi − β) i = 0, 1, 2, ... (A8)
εn =
{
2 n = 0
1 n 6= 0 (A9)
δnm =
{
1 n = m
0 n 6= m (A10)
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